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In the actual evolving energy context, characterized by an increasing part of 22 
intermittent renewable sources, the development of energy storage technologies are required, 23 
such as pumped storage hydroelectricity (PSH). While new sites for conventional PSH plants 24 
are getting scarce, it is proposed to use abandoned underground mines as lower reservoirs 25 
for Underground Pumped Storage Hydroelectricity (UPSH). However, the hydrogeological 26 
consequences produced by the cyclic solicitations (continuous pumpings and injections) 27 
have been poorly investigated. Therefore, in this work, groundwater interactions with the 28 
cyclically fill and empty cavity were numerically studied considering a simplified 29 
description of a slate mine. Two pumping/injection scenarios were considered, both for a 30 
reference slate rock case and for a sensitivity analysis of variations of aquifer hydraulic 31 
conductivity value. Groundwater impacts were assessed in terms of oscillations of 32 
piezometric heads and mean drawdown around the cavity. The value of the hydraulic 33 
conductivity clearly influences the magnitude of the aquifer response. Studying interactions 34 
with the cavity highlighted that seepage into the cavity occurs over time. The volume of 35 
seeped water varies depending on the hydraulic conductivity and it could become non-36 
negligible in the UPSH operations. These preliminary results allow finally considering first 37 
geological feasibility aspects, which could vary conversely according to the hydraulic 38 
conductivity value and to the considered groundwater impacts. 39 
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1 Introduction. 45 
Access to energy resources and supply stability have become strategic elements in 46 
worldwide policy decisions. Climate change and limitations of fossil fuels reserves have 47 
brought renewable energy resources for electricity production to the limelight of global 48 
concern. It is therefore expected that renewable energy sources (RES) should triple their total 49 
installed capacity in the following three decades (IEA, 2015). However, these energy sources 50 
experience fluctuations through time, producing energy in a quite different pattern than 51 
needed by the demand. Energy storage systems are then required to deal with this 52 
intermittency as they provide flexibility by shifting the load temporally (Bussar et al., 2016; 53 
Moriarty and Honnery, 2016). 54 
Pumped Storage Hydroelectricity (PSH) is an old and well-known mature technology 55 
for large-scale storage of electricity (Deane et al., 2010; Steffen, 2012; Yekini Suberu et al., 56 
2014). During periods of low electricity demand, the excess of generated energy is stored by 57 
pumping water from a lower to an upper reservoir. Conversely, during peak demand or 58 
underproduction periods, water is released back to the lower reservoir through turbines to 59 
produce electricity (Rehman et al., 2015). Conventionally, both reservoirs are located at the 60 
surface but appropriate new sites are getting scarce for further developments of PSH 61 
(Ardizzon et al., 2014; Chen et al., 2009). Favorable topographic conditions are difficult to 62 
meet environmental and social issues (e.g. landscape, vegetation, wildlife, human activities, 63 
population settlement, water quality, water policy, etc.) have risen over time. However, in 64 
the increasing renewable energy framework, PHS technology appears as one of the key 65 
components for energy storage (Ardizzon et al., 2014). 66 
It is proposed to re-use abandoned mines as lower reservoirs for Underground 67 
Pumped Storage Hydroelectricity (UPSH) systems to go beyond some of these constraints 68 
and to increase the number of potential sites (Fig. 1). The idea came out in the late 1970’s 69 
(Tam et al., 1978) and has been afterwards investigated in different conditions but no facility 70 
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has been yet installed. In the 1980’s, Braat et al. (1985) and de Haan and Min (1984) 71 
proposed to install an UPSH in the Netherlands but the project was not implanted for reasons 72 
such as the inadequate characteristics of the soil. In Singapore, Wong (1996) pointed out the 73 
possibility of using abandoned rock quarries as upper reservoirs of UPSH plants by 74 
transforming drilled tunnels and shafts as lower reservoir. The taconite mine area in 75 
Minnesota (USA) was investigated economically and technically to select ten potential sites 76 
to develop UPSH plants in the non-used underground mines (Fosnacht, 2011; Martin, 2007; 77 
Severson, 2011). In Europe, the Harz and Ruhr regions in Germany have been investigated 78 
to assess the possibilities for constructing UPSH plants in abandoned coal mines (Alvarado 79 
and Niemann, 2015; Beck and Schmidt, 2011; Luick et al., 2012; Madlener and Specht, 80 
2013; Meyer, 2013; Niemann, 2011; Steffen, 2012). In South Africa, Khan and Davidson 81 
(2016) highlighted the possibilities and the economic benefits of using existing mines and 82 
the surrounding aquifers for UPSH applications. In Belgium, recent work are studying the 83 
technical possibilities of transforming abandoned quarries (Poulain et al., 2016) or slate 84 
mines (Spriet, 2013) as reservoirs for future UPSH developments. 85 
While UPSH appears as a solution to increase the pumped storage capacity, the re-86 
use of abandoned underground mines brings questions about the impacts on the geological 87 
medium and, particularly, on groundwater resources. It is expected that the successive filling 88 
and emptying of the cavity, due to the pumping/injection cycles, will interact with the 89 
surrounding groundwater. It is required to investigate on how and with which magnitude the 90 
oscillations of water level in the cavity will be transmitted in the local aquifer as well as on 91 
the interactions between the aquifer and the cavity. 92 
Almost no precise study has been carried out about this topic. Pujades et al. (2016) 93 
carried out a first parametric impact study with a simplified representative square open-pit 94 
mine. They highlight that pumping/injection in the reservoir induces piezometric head 95 
oscillations around the cavity, but the impacts vary according to the hydrogeological 96 
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parameters of the aquifer, the properties of the underground reservoir, the boundary 97 
conditions, and the characteristics of pumping/injection time periods. Those results were 98 
only suitable for open pits mines where the volume of water pumped or injected is not an 99 
issue in comparison with the huge total volume of the open pit mine. The limited head 100 
variations would not create important gradients between the cavity head and the aquifer 101 
piezometric head. On the contrary, in deep mines, it is most often required to use the whole 102 
volume of the mine to obtain a system considered as economically and energetically 103 
interesting. Consequently, the head variation in the cavity could be more important. The 104 
subsequent head gradient would create groundwater inflows that could affect negatively the 105 
efficiency of the UPSH by adding water volume to be pumped or reducing the water volume 106 
that can be injected in the cavity. In addition, Pujades et al., 2016 considered a cavity that 107 
was not totally saturated. As a result, although hydraulic head recovers totally after a 108 
pumping, the pumped water could be released into the cavity. However, the slate mine 109 
considered in this study is completely located below the water table. Consequently, the 110 
amount of released water may be limited if water inflows after a pumping fill appreciably 111 
the cavity, which affects the feasibility of UPSH plants. 112 
In the Belgian mining context, slate mines turn out to be one of the most promising 113 
type of sites for deep mine UPSH applications in terms of rock properties (permeability and 114 
rock strength). In this framework, this paper focuses on the case of an underground slate 115 
mine using numerical modelling as a tool for providing predictive results. Representative 116 
geological properties are first considered in a reference case. The main impacts on the 117 
surrounding geological medium are assessed through the computed piezometric head 118 
evolutions (magnitude and influence area) and the mean drawdown. Interactions between 119 
the cavity and the medium are highlighted and calculated through the water seepage into the 120 
cavity. In a second case, the influence of the hydraulic conductivity (K) of the surrounding 121 
geological medium on the predicted interactions for the chosen slate mine geometrical 122 
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configuration is assessed. Based on the results, it is proposed to point out some specificities 123 
about the interactions between the cavity and the groundwater and about the long term 124 
behavior under cyclic stresses. These observations are finally brought together in a feasibility 125 
point of view of such underground storage. 126 
2 Methodology 127 
2.1 Modelling approach 128 
Groundwater modelling in mining contexts is challenging because they correspond 129 
to mixed contexts involving porous media and large voids (Adams and Younger, 2001; 130 
Ghasemizadeh et al., 2012; Rapantová et al., 2007; Sherwood and Younger, 1994; Surinaidu 131 
et al., 2014). The Hybrid Finite Element Mixing Cell (HFEMC) method (Brouyère et al., 132 
2009; Wildemeersch et al., 2010), implemented in the SUFT3D code (Brouyère, 2001; 133 
Brouyère et al., 2004; Carabin and Dassargues, 1999), is a flexible method combining 134 
advantages of black-box models together with physically based and spatially distributed 135 
models. The HEFMC method allows working with mixing cells corresponding to linear 136 
reservoirs and finite elements of porous medium together in the same mesh. Interactions 137 
between zones are considered thanks to internal boundary conditions (Brouyère et al., 2009; 138 
Wildemeersch et al., 2010).  139 
A full description and verification of the HFEMC method was presented by Brouyère 140 
et al. (2009). Wildemeersch et al. (2010) used the method for a mined area in Belgium. The 141 
principle is to divide the modeled zone into several subdomains. Each subdomain can be 142 
either a reservoir represented by a mixing cell or a zone of porous medium (finite elements 143 
with spatially distributed properties). The mined zones can be modeled using linear 144 
reservoirs. Linear reservoirs are equivalent to a box model technique where each reservoir 145 
or box is characterized by a computed mean water level. Water flow in or out a reservoir is 146 
described by a transfer equation (Eq. 1). The unmined zones are discretized with finite 147 
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elements and groundwater flow equation in variably saturated porous media (Richards 148 
equation, Eq. 2) is solved for providing the spatially distributed piezometric head in the 149 
simulated domain. 150 
𝑄𝐿𝑅 =  𝑆𝐿𝑅𝐴𝐿𝑅
𝜕𝐻𝐿𝑅
𝜕𝑡




= ∇ (𝐾𝑟𝐾𝑠 ∇(ℎ + 𝑧)) + 𝑞                                                                               (2) 152 
where 𝑄𝐿𝑅is the flow rate entering or leaving the linear reservoir [𝐿
3𝑇−1], 𝑆𝐿𝑅 the 153 
storage of the linear reservoir [−], 𝐴𝐿𝑅 the section of the linear reservoir [𝐿
2], 𝐻𝐿𝑅 the 154 
hydraulic head in the reservoir [𝐿], 𝛼 the exchange coefficient between the linear reservoir 155 
with the external domain [𝑇−1], 𝐴𝑒𝑥𝑐 the exchange area between the linear reservoir with 156 
the external domain [𝐿2], 𝐻 the piezometric head in the adjacent domain [𝐿], 𝑄 the 157 
source/sink term [𝐿3𝑇−1], 𝐹 the generalized (in variably saturated conditions) specific 158 
storage coefficient of the porous medium [𝐿−1], ℎ the pressure potential [𝐿], 𝐾𝑟 the relative 159 
hydraulic conductivity [𝐿𝑇−1], 𝐾𝑠 the saturated hydraulic conductivity [𝐿𝑇
−1], 𝑧 the gravity 160 




 where  𝑆𝑠 is the specific storage [𝐿
−1] and 𝜃 the water content given by a retention curve 162 
[−], considering water and media compressibilities only in the saturated part of the soil. 163 
Interactions between each subdomain can be described by internal boundary 164 
conditions: Dirichlet (1st type) dynamic boundary condition when continuity of head is 165 
assumed across the boundary, Neumann (2nd type) impervious boundary condition for no 166 
flow boundaries between subdomains, and Fourier (3rd type) dynamic boundary condition to 167 
assume a flux across the interface proportional to the head difference. The term ‘dynamic’ 168 
is used to highlight the fact that the hydraulic heads calculated on the boundary are time-169 




2.2 Case study characteristics 172 
Slate mines geometry may be highly complex and each particular mine is specific. If 173 
the mine has been abandoned for years, its characteristics are often badly documented. 174 
Consequently, as a first step, and based on the geometry of a potential specific site of a slate 175 
mine in the Ardennes region of Belgium, the here modeled underground cavity is simplified 176 
(Fig. 2). It is based on a typical one-chamber slate mine geometry of 50m by 20m on 50m 177 
height. At the top of the cavity, a 30m height rectangular prism, which links the underground 178 
cavity to the surface, is added to conceptually represent the well of a mine. The surrounding 179 
geological environment is extended up horizontally to 200m away from the cavity and 180 
vertically to 50m below the cavity and 30m above the cavity roof. The domain is divided 181 
into 12 vertical layers of 10m thick, except at the bottom of the domain where the thickness 182 
of two layers is set at 20m and at the bottom of the cavity where the thickness of two layers 183 
is set at 5m. The horizontal element size is about 45 m at the boundaries and is refined down 184 
to 8.5 m around the cavity.  185 
The model consists in a 3D prismatic mesh. It is divided into two subdomains: a 186 
linear reservoir for the cavity and a subdomain made of finite elements of porous medium 187 
for the surrounding aquifer. An internal Fourier dynamic boundary condition is set at the 188 
interface between subdomains to simulate groundwater exchanges. It is derived from the 189 
second term of Eq. 1 (Brouyère et al., 2009; Wildemeersch et al., 2010): 190 
𝑄𝐹𝐵𝐶 =  𝛼 𝐴𝑒𝑥𝑐(𝐻 − 𝐻𝐿𝑅)                                                                                  (3) 191 
where 𝑄𝐹𝐵𝐶, is the exchanged flow through the Fourier (3
rd type) internal boundary 192 
condition [𝐿3𝑇−1], 𝛼 the exchange coefficient between the linear reservoir with the external 193 
domain [𝑇−1], 𝐴𝑒𝑥𝑐 the exchange area between the linear reservoir with the external domain 194 
[𝐿2], 𝐻 the piezometric head in the aquifer and 𝐻𝐿𝑅 the hydraulic head in the underground 195 
reservoir [𝐿]. The exchange coefficient is used to simulate possible lining conditions of the 196 
mine walls: 𝛼 values closed to aquifer hydraulic conductivity (or higher) mean no lined walls 197 
9 
 
conditions while 𝛼 values lower than aquifer hydraulic conductivity define lined walls 198 
conditions. In each simulation described here after, the 𝛼 values are equal to K values to 199 
represent non-lined walls. Actually, 𝛼 is numerically defined by 𝛼 = 𝐾/𝑏, with 𝑏 [𝐿] 200 
corresponding to distance between the reservoir and the porous medium. Hence, we 201 
considered a distance of 1m in our simulations. 𝐻𝐿𝑅 is computed in the code after each time 202 
step considering the outflows from and inflows to the linear reservoir. 203 
Two Dirichlet external boundary conditions are adopted at two lateral sides of the 204 
model with head of 80m and 79m, in order to obtain an initial piezometric gradient of 1m 205 
over the model (Fig. 2). On the other boundaries, no flow conditions are prescribed. Given 206 
the adopted Dirichlet external boundary conditions and that the modeled slate mine is located 207 
in the center of the model, the initial head inside the cavity is 79.5 m. 208 
The values of parameters chosen for the reference case (Table 1) are typical of slate 209 
mines and were chosen to be representative of the rock properties of the potential mine site 210 
in Belgium (Bear and Cheng, 2010; DGO3, 2008). The same parameters are used for the 211 
sensitivity analysis but varying the hydraulic conductivity from 1x10-5 to 1x10-9 m/s, which 212 
are potential values depending on the fracturing (Bear and Cheng, 2010). To apprehend the 213 
sensitivity of the response, we first consider hydraulic conductivity because it is the main 214 
rock property that was expected to change in slate and, thus, that would influence the aquifer 215 
response. In addition, as 𝛼 is considered representative to the hydraulic conductivity, its 216 
value was changed in parallel to the hydraulic conductivity in order to avoid any influence 217 
of the “rock-reservoir” interface conditions to the aquifer response.  218 
The porous medium is considered as homogeneous and isotropic in all simulations 219 
because the objective of this work is to obtain general and representative results that are 220 
useful as a first approach of the interaction between groundwater and future UPSH plants. 221 
The representation of the results would have been limited if in homogeneities such as 222 
fractures would have been considered. Obviously, more detailed models will be required 223 
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during the design stage of future UPSH plants. In the variably saturated porous medium, the 224 
retention curve and the related relative hydraulic conductivity are chosen as defined by Yeh 225 
(1987): 226 
𝜃 = 𝜃𝑟 +
(𝜃𝑠−𝜃𝑟)
ℎ𝑏−ℎ𝑎




                                                                                                         (5) 228 
where 𝜃𝑠 is the saturated water content [−], 𝜃𝑟 the residual water content [−],  ℎ𝑏 the 229 
pressure head for the water content of 𝜃𝑠 [𝐿], ℎ𝑎 the pressure head for the water content of 230 
𝜃𝑟 [𝐿], and 𝐾𝑟 the relative hydraulic conductivity [−]. Such a simple relation is considered 231 
for these first applications as studying water transfers in the unsaturated zone is clearly 232 
beyond the objectives of this paper. 233 
The pumping and turbining cycles of the UPSH facility are represented by the 234 
pumping (or injection) of water in the saturated zone of the linear reservoir. In order to obtain 235 
a first understanding of the aquifer response, a classical day/night pattern of electricity uses 236 
has been selected. Two regular cyclic scenarios are considered (Fig. 3): scenario 1 consists 237 
of a daily cycle of 12 hours of pumping and 12 hours of injection; scenario 2 of a daily cycle 238 
of 8 hours of pumping and 8 hours of injection separated by 4 hours of no-activity. These 239 
two scenarios were simulated to highlight the effect of no-activity periods. Indeed, (U)PSH 240 
are not expected to run without any no-activity periods between pumping and injection. On 241 
daily use following electricity demands, there will often be no-activity periods between high 242 
demand and low demand periods. The pumping/injection rate is constant and aims to 243 
empty/fill half the volume of the cavity (25000 m3) over an activity period. Consequently, it 244 
is 0.58 and 0.87 m3/s for scenarios 1 and 2, respectively. In our model, pumping is simulated 245 




Groundwater evolution is computed over a period of 84 days ( 3 months). The 248 
piezometric head evolutions are always computed at 75m depth (corresponding to a head of 249 
55m) and at different distances with respect the underground cavity along a transect 250 
perpendicular to the piezometric gradient (Fig. 2). 251 
 252 
3 Results 253 
3.1 Reference case 254 
Fig. 4 shows the computed head in the cavity and in the aquifer at different distances 255 
from the cavity. Fig. 4A and 4B show the head evolution over the whole simulation period, 256 
respectively for scenario 1 and 2. Fig. 4C and 4D display detailed head evolution over one 257 
week at the middle of the simulation period (day 42 to day 49). A daily mean drawdown 258 
curve at the same distance is shown in Fig. 5A. The mean drawdown is calculated based on 259 
the difference from the initial head (deduced from the initial gradient between 80m and 79m 260 
over the model) and the mean head per cycle (arithmetic mean of all head over 1 day). A 261 
daily water seepage volume from the surrounding aquifer into the cavity is evaluated using 262 
the daily mean hydraulic head in the cavity (Fig. 5B). 263 
 264 
3.1.1 Piezometric response 265 
Initially, the hydraulic head in the cavity is at equilibrium with the groundwater 266 
piezometric head. Then, the pumping of water leads to a quick decrease of the cavity 267 
hydraulic head, creating a sharp head gradient between the cavity and the aquifer (Fig. 4). In 268 
consequence, groundwater seeps into the cavity producing a decrease of piezometric head 269 
around the cavity. On the contrary, when water is injected, hydraulic head inside the cavity 270 
increases rapidly and passes above the piezometric head in the surrounding aquifer. 271 
Subsequently, water flows back from the cavity into the aquifer, increasing the surrounding 272 
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piezometric head. A time lag is observed for minimum and maximum piezometric head in 273 
the surrounding aquifer with respect the minimum and maximum hydraulic heads in the 274 
cavity. 275 
The repetition of water pumping and injection inside the cavity induces head 276 
oscillation in the cavity and in the surrounding aquifer (Fig. 4A & 4B). However, theses 277 
oscillations are damped with increasing distance from the cavity: while the oscillation 278 
magnitude still reaches few meters at 10m, it drops near zero at a larger distance than 50m 279 
from the cavity. In addition to the decrease of oscillation magnitude with distance from the 280 
cavity, the time lag of minimum and maximum heads between the cavity and the surrounding 281 
aquifer is also increased (Fig. 4C & 4D). Minimum and maximum heads in the cavity and 282 
in the surrounding aquifer display increasing values over time, reaching up to four meters at 283 
the end of the observation time. Note that the distance of the drawdown influence does not 284 
depends on the direction because the modeled porous medium is homogeneous and isotropic 285 
which is required to reach representative results. 286 
The no-activity periods of scenario 2 are clearly visible in the head evolution in the 287 
cavity. Indeed, no-activity periods appear as head stages (Fig. 4D), slightly increasing or 288 
decreasing according that they follow pumping or injection periods. These slopes highlight 289 
the exchange of water between the cavity and the surrounding aquifer subsequently to head 290 
gradients. In the surrounding aquifer, the no-activity periods are not clearly observed. 291 
However, the no-activity periods allow the piezometric head nearby the cavity to equilibrate 292 
with the hydraulic head in the cavity: minima and maxima of oscillations are respectively 293 
lower and higher. 294 
 295 
3.1.2 Mean drawdown 296 
The no-activity periods of solicitation (Scenario 2) do not influence the mean 297 
drawdown in the surrounding aquifer. Indeed, mean drawdown curves of scenario 1 (Fig. 298 
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5A, solid lines) and scenario 2 (Fig. 5A, dashed lines) are superimposed. In scenario 2, the 299 
“pumping – no-activity” periods and “injection – no-activity” are identical and the total 300 
stress over one day is the same as for scenario 1. Therefore, the aquifer has the same time 301 
available to equilibrate in both scenarios. Consequently, for each pumping-injection cycle, 302 
the piezometric head oscillates around the same mean head in both scenarios. For irregular 303 
cycles or stress pattern, a strongest influence of no-activity periods would be expected. 304 
A constant mean drawdown is reached progressively with time for both scenarios 305 
(Fig. 5A). This varies according to the distance with respect to the cavity ranging from 7m 306 
(near the cavity) to 20cm (at 100m). Beyond this distance, it is reduced to almost zero at 307 
200m. 308 
Beside this global trend, the dynamic of the decrease of drawdown differs according 309 
to the distance from the cavity at any stage in the operation of the UPSH. It increases 310 
gradually with a trend to stabilize at late times for further distances of 50m. In contrast, in 311 
the surrounding aquifer closer to the cavity, the mean drawdown increases rapidly reaching 312 
a maximum value during early times and, then, it decreases progressively over time. This 313 
latter decrease is linked to the increase of both the hydraulic head inside the cavity and the 314 
piezometric levels in the surrounding aquifer (cf. 3.1.1). It seems that a progressive recovery 315 
of the aquifer is observed from the initial stress by equilibrating progressively the global 316 
groundwater level. 317 
 318 
3.1.3 Water exchanges between the cavity and the surrounding aquifer 319 
The head evolution analysis (Fig. 4) shows that the hydraulic head in the cavity 320 
increases over time. It is a result of water exchanges between the cavity and the surrounding 321 
aquifer due to head gradients produced by pumping-injection cycles.  322 
The calculated daily water exchange budget for the cavity (Fig. 5B) highlights that 323 
the water exchanges are dominated by seepage into the cavity (mean piezometric head higher 324 
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that the hydraulic one in the cavity), which explains the increase of the hydraulic head in the 325 
cavity over time. This seepage presents higher values during early simulated times (more 326 
than 100m3/day) and, then, it sharply decreases over the 1st week and flattens progressively 327 
around 20m3/day at the end of the observation time. In terms of relative volume (Fig. 5B, 328 
right axis), the seepage represents less than 1% of the pumped water volume during early 329 
cycles and around 0.1% at the end of the simulation time. 330 
As for mean drawdown, scenario 1 and scenario 2 curves are superimposed, meaning 331 
that the influence of the no-activity periods on the water daily budget in the cavity is 332 
negligible. 333 
 334 
3.2 Influence of hydraulic conductivity of the aquifer 335 
The influence of the hydraulic conductivity on the aquifer response is assessed by 336 
comparing the numerical results obtained by variation of K (from 1x10-5 to 1x10-9m/s). 337 
Scenario 1 and scenario 2 are considered. The effect on the piezometric head is examined by 338 
comparing the oscillation magnitudes in the cavity and in the aquifer (Fig. 6) and a 1 week-339 
detailed view of head evolution (Fig. 7), as well as the mean drawdown around the cavity 340 
(Fig. 8). These figures only take into account distances from the cavity up to 50 meters: at 341 
further distances, computed results show weak variations. Finally, Fig. 9 shows the influence 342 
of K on computed daily seepage into the cavity. 343 
Mean drawdown and daily seepage computed considering scenario 1 and scenario 2 344 
are not compared because they are similar for both scenarios.  345 
 346 
3.2.1 Piezometric impact 347 
Fig. 6 shows the evolution of oscillation magnitude in the cavity and in the 348 
surrounding aquifer. The value of K influences mainly the oscillation magnitude in the 349 
15 
 
surrounding aquifer: the magnitude decreases when the hydraulic conductivity is lower. In 350 
the cavity (Fig. 6A & 6B), the influence of the hydraulic conductivity value is quite limited, 351 
as the the head variation is mainly controlled by the pumping/injection rate. However, for 352 
high hydraulic conductivities (K > 1x10-7 m/s), the oscillation magnitude is approximately 1 353 
meter smaller for scenario 2 in comparison with scenario 1, except at the early beginning. 354 
As the pumping/injection rates are not modified depending on K, the difference is produced 355 
by the variation of seepage into the cavity. Consequently, this seepage leads to increase the 356 
hydraulic head in the cavity over time, especially for higher hydraulic conductivities as it is 357 
highlighted by the shift of the piezometric head curves in comparison with lower 358 
conductivities (Fig. 7A). 359 
In the aquifer, whatever the distance from the cavity being considered, the oscillation 360 
magnitude displays large differences between values obtained with lower and higher values 361 
of K (Fig. 6C to 6H). Minimum oscillation magnitudes occur for lower hydraulic 362 
conductivities. This damping of magnitude for low K appears also distinctly in Fig. 7B to 363 
7D with the piezometric head curves tending toward a flat line for lower K. This reflect the 364 
fact that the influence area of the pumping/injection activities is smaller for lower hydraulic 365 
conductivities. 366 
As already pointed out in the results of the reference case, the oscillation magnitude 367 
decreases with distance from the cavity. According to the hydraulic conductivity, oscillation 368 
magnitude ranges from less than 1 meter to 20 meters near the cavity (Fig. 6C & 6D). Its 369 
maximum value decreases progressively with the distance and reaches up to 11 m and up to 370 
1.7 m at respectively 10m and 50 m from the cavity (Fig. 6E to 6H). The oscillations 371 
magnitude drops rapidly towards zero at further distances. 372 
The value of the hydraulic conductivity also impacts the way the no-activity periods 373 
of scenario 2 are displayed. In the cavity, no-activity periods lead to greater oscillation 374 
magnitude (Fig. 6B): during no-activity periods, water levels keep varying, especially for K 375 
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= 1x10-5 m/s (Fig. 7A, dotted line). In the aquifer, the oscillation magnitude is greater for 376 
scenario 2 in case of higher hydraulic conductivities and more distinctly at smaller distance 377 
from the cavity (Fig. 6D-6F-6H). For these high hydraulic conductivities, the no-activity 378 
head stages in the cavity is also detected in the surrounding aquifer with progressive damping 379 
with distance from the cavity (blue dotted lines in Fig. 7B to 7D). In contrast, for smaller 380 
hydraulic conductivities, head stages vanish and merge with the global head oscillation 381 
(green and red dotted lines in Fig. 7B to 7D). 382 
 383 
3.2.2 Influence on the mean drawdown in the surrounding aquifer 384 
The hydraulic conductivity value modifies the influence area, the magnitude of the 385 
mean drawdown, and the evolution feature (Fig. 8). The mean drawdown is negligible at 386 
distances further than 50m for all values of K. 387 
The mean drawdown computed close to the cavity during early times is higher when 388 
K is increased (Fig. 8A & 8B). After the early rise, it rapidly decreases and then vanishes 389 
(i.e. calculated piezometric head oscillate finally around the initial one). On the contrary, for 390 
lower K, the mean drawdown increases constantly during the first weeks until reach a 391 
constant and maximum value. A significant mean drawdown takes place in the early days 392 
and then decrease slightly over time for intermediate K. 393 
At further distances from the cavity (> 20 m) (Fig. 8C & 8D), the mean drawdown 394 
evolves in the same way as previously, but with smaller magnitudes. However, for the lowest 395 
K, almost no mean drawdown is computed, showing that the radius of influence is limited. 396 
 397 
3.2.3 Seepage flow rate 398 
The cyclic pumping and injection periods create exchanges of water between the 399 
cavity and the surrounding aquifer. As already pointed out for the reference case, the daily 400 
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budget of these exchanges shows that there is a net seepage into the cavity, leading to 401 
progressive increase of the cavity water level. The computed head evolution in the cavity 402 
highlights clearly this behavior, especially for higher conductivities. The hydraulic head 403 
curves in the cavity display increasing maximum values in comparison with the initial head, 404 
corresponding to the expected maximum head if no seepage occured (Fig. 7A). 405 
Cyclic pumping/injection periods induce seepage for every hydraulic conductivity 406 
considered (Fig. 9). For low hydraulic conductivities, seepage remains relatively constant 407 
during the whole observation time, but only with few cubic meters. It is negligible with 408 
respect the total pumped water volume per day (less than 0.05%) and it does not affect 409 
significantly the hydraulic head evolution. In contrast, in more permeable medium (K > 410 
1x10-6 m/s), seepage is more important, especially during the first days of solicitation with 411 
up to 3000m3 of seeped water (≈12% of the daily pumped water volume). However, for these 412 
highly permeable media, the seepage is decreasing rapidly with time: after important values 413 
during the first week (over 250m3 equivalent to ≈1% of the daily pumped water volume), 414 
seepage drops down to 25m3 (≈0.4% of the daily pumped water volume) and it turns to be 415 
negligible (below 10 m3 per day) after around 30 days. Seepage decreases rapidly for highly 416 
permeable media because the mine is filled faster, and therefore, the head difference between 417 
inside and outside the cavity decrease in a short period. This behavior explains the increase 418 
of hydraulic head in the cavity and the subsequent decrease of mean drawdown: the seeped 419 
volume in the cavity allows the system recovering progressively from the initial drawdown 420 
over the observation time. For intermediate hydraulic conductivities, the seepage appears 421 
more or less stabilized and under 100m3 (namely 0.4% of daily pumped volume). 422 
 423 
4 Discussion 424 
4.1 Cavity and porous medium, a reciprocal interaction 425 
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The cyclic pumpings and injections induce piezometric head oscillations in the 426 
aquifer. The magnitude of these oscillations varies according to the distance from the cavity 427 
and to the hydraulic conductivity of the aquifer. An increase of the hydraulic head in the 428 
cavity is observed at each cycle when regular cycles are considered, which leads to a rise of 429 
the mean head. This increment is produced by the net seepage from the surrounding aquifer 430 
into the underground cavity. The higher the hydraulic conductivity, the higher the seepage 431 
and, then, the higher is the total head increment in the cavity. As the mean hydraulic head 432 
increases in the cavity, the piezometric head increases also in the surrounding aquifer. 433 
These reciprocal interactions explain the difference in the drawdown dynamic 434 
between high and low hydraulic conductivity media. For high K, hydraulic head increments 435 
show large values, leading to a consequent increase of mean piezometric head in the 436 
surrounding aquifer, reducing the drawdown. Consequently, the mean head in the aquifer 437 
equilibrates progressively the initial piezometric head, which remains constant at large 438 
distance from the cavity. On the other hand, in low permeable medium, seepage, and 439 
subsequent head increments, are weak, limiting the increase of mean hydraulic head in the 440 
cavity, and, therefore, in the surrounding aquifer. In addition, smaller responses to 441 
solicitations (oscillation magnitude, drawdown and influence area) are observed in this kind 442 
of aquifers, resulting in a drawdown that increases continuously or trends toward a 443 
significant constant value. 444 
 445 
4.2 Cyclic stresses and steady state 446 
The drawdown and seepage evolutions show both trends towards constant values 447 
over time. Head evolution, especially for high hydraulic conductivities, seem also stabilizing 448 
the oscillation around a constant value. These observations would suggest that the system 449 
could reach a “steady-state” under cyclic stresses. 450 
19 
 
For an open-pit UPSH configuration, Pujades et al. (2016) showed that cyclic 451 
pumping/injection in the cavity evolves towards a “dynamic steady-state” after the initial 452 
disruption of the system. The “dynamic steady state” is achieved when the mean head around 453 
which groundwater oscillates reaches a constant value. The time required to reach this 454 
“dynamic steady-state” appeared being dependent on the hydraulic properties of the aquifer. 455 
The higher is the hydraulic conductivity, the faster the dynamic steady-state is reached. This 456 
“dynamic steady-state” could be considered in order to explain the seepage and drawdown 457 
trends towards constant values over time. However, for most of our results, the “dynamic 458 
steady-state” is not reached. Indeed, for medium and low hydraulic conductivities, longer 459 
simulation times would be required to reach it. 460 
 461 
4.3 Impact on feasibility 462 
These first results point out some key features about the groundwater response under 463 
cyclic stresses created by using an old underground mine as lower reservoir of an UPSH. 464 
These observations can be brought in a UPSH feasibility context. 465 
Groundwater oscillations and drawdown around the cavity could either interfere with 466 
other human activities, such as pumping wells for example, either develop geomechanical 467 
instabilities in the surrounding rock environment. On the other hand, the progressive head 468 
increment in the cavity, due to the water exchanges with the surrounding aquifer, may 469 
influence the energetic efficiency. This increment depends on both the hydraulic 470 
conductivity of the porous medium and the frequency and rate of pumping cycles.  471 
From the hydraulic conductivity sensitivity analysis, opposite outcomes for the 472 
feasibility were underlined. Low hydraulic conductivity media appeared being more suitable 473 
as the induced oscillation magnitude around the mine is lower than in high hydraulic 474 
conductivity media. Concerning the drawdown, either high or low hydraulic conductivity 475 
media could be appropriate as the drawdown tends to vanish or is very space-limited, 476 
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respectively. Intermediate hydraulic conductivity media turned out to be the worst cases with 477 
a significant drawdown value, and wide area of influence. Drawdown will be negligible in 478 
case of high hydraulic conductivity media after some time because the head around 479 
groundwater oscillates reaches its initial position in a short period given the high seepage 480 
provided. Although high hydraulic conductivities are not a problem regarding the drawdown, 481 
in case of seepage, these should be avoided as the seeped water volume is clearly non-482 
negligible and would significantly impact the efficiency with regards to additional pumping 483 
volume. 484 
In addition to these key features, the regularity of the pumping/injection time pattern 485 
should also be considered given that the pumping/injection rate, the duration of each period 486 
and the occurrence of no-activity periods would also influence the system response. Our 487 
results show that such a system could reach at some point a “dynamic steady-state” under 488 
regular cyclic stresses, limiting therefore the impacts. However, an irregular time pattern 489 
would probably prevent reaching this kind of steady-state. 490 
 491 
5 Conclusion 492 
A simplified groundwater model based on a slate mine geometrical properties 493 
highlights that using an old underground cavity as lower reservoir of an UPSH will impact 494 
the surrounding aquifer. Repeated pumping/injection cycles in the underground cavity are 495 
transmitted through the aquifer as piezometric head oscillations. The magnitude of head 496 
oscillations is attenuated when reducing the hydraulic conductivity and/or considering 497 
increased distance from the cavity. Larger oscillations across a wider influence area will be 498 
expected in highly permeable porous medium. The cyclic pumping/injection solicitations 499 
also induce a mean drawdown in the surrounding aquifer with extent, magnitude, and 500 
decreasing trend dynamic depending on the hydraulic conductivity value. In low hydraulic 501 
conductive media, a significant mean drawdown is reached progressively and tends towards 502 
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a constant value over time. The drawdown is however limited spatially from the cavity. In 503 
case of high permeable media, a large drawdown appears rapidly and gradually decreases 504 
over time towards a zero value. For intermediate permeable porous media, the drawdown is 505 
lower than for low hydraulic conductivity media, but it extends over a wider area. 506 
The analysis of the water level evolution in both the aquifer and the cavity, 507 
subsequent to cyclic pumping/injection in the cavity, underlines the importance of the 508 
reciprocal interactions between the cavity and the surrounding groundwater with significant 509 
influence of hydraulic properties of the aquifer. More precisely, in addition to the 510 
piezometric head evolution in the aquifer, the solicitations also induce hydraulic head 511 
evolution in cavity as the seepage into the cavity over time, leading to an increase of the 512 
mean water level in the cavity. This process is negligible for low hydraulic conductivities 513 
but could become important for high hydraulic conductivities, influencing negatively the 514 
efficiency of an UPSH system due to additional water volume to pump. 515 
The two different pumping/injection cycles (without and with no-activity periods), 516 
applied on our model did not significantly influence the system response (oscillation 517 
magnitude, drawdown nor seepage) because of the regularity of these cycles in terms of 518 
period duration and pumping/injection rates. It is then expected that irregular cycles of 519 
pumping/turbining, as required by realistic production/demand electricity variations, would 520 
lead to a distinctive response. 521 
These first preliminary results highlight the main key hydrogeological features of 522 
such a project. In terms of impacts, induced head oscillations and drawdown around the 523 
cavity could have consequences on depending ecosystems or for other human activities. In 524 
terms of energetic efficiency, the progressive head increment in the cavity may influence 525 
badly the efficiency probably depending on the adopted pump and turbine characteristics. 526 
This induced head increment in the cavity depends on both the hydraulic conductivity of the 527 
porous medium and the frequency and rate of pumping cycles. 528 
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However, on future works, it will be interesting to investigate the hydrogeological 529 
feasibility in details and on a specific chosen site, with focus on the effect of non-530 
homogeneous porous medium and of heterogeneities occurrence (e.g. fault) in the geological 531 
environment, as well as the influence on the system response of the use of realistic 532 
pumping/injection curves. 533 
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Fig. 1.  646 
Schematic representation of an Underground Pumped Storage Hydroelectricity 647 
(UPSH) plant using an old mine as lower reservoir. 648 
 649 
  650 
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Fig. 2. 651 
General view and geometry of the numerical model. Light green surfaces represent 652 
Dirichlet external boundary conditions with corresponding piezometric head. Light grey 653 
surface represents the transect along which simulated piezometric head are observed at 75m 654 
deep (corresponding to 55m above the bottom of the mesh). 655 
 656 
  657 
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Fig. 3. 658 
Cyclic pumping/injection discharge diagrams (over 7 days) for scenario 1 without 659 
no-activity period (blue line) and for scenario 2 with no-activity periods (red dashed line). 660 
Positive discharge corresponds to pumping periods and negative discharge correspond to 661 
injection periods (turbining phase of the UPSH plant). 662 
 663 
  664 
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Fig. 4. 665 
Head evolution in the cavity and in the porous media at different distances from the 666 
cavity (0m – 10m – 50m – 100m) for the reference case (K=1x10-7 m/s). Plots A & C 667 
represent results of the scenario 1 and plots B & D represents results of the scenario 2. Plots 668 
A & B display the whole simulation times (84 days) and plots C & D detailed the head 669 
evolution between day 42 and day 49.  670 
 671 
  672 
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Fig. 5. 673 
A- Mean drawdown in the aquifer at different distance from the cavity (0m – 10m – 674 
50m – 100m) for the reference case (K=1x10-7 m/s) with comparison of scenario 1 (solid 675 
line) and scenario 2 (dotted line). B- Daily seepage into the cavity for the reference case 676 
(K=1x10-7 m/s) with comparison of scenario 1 (dark dashed line) and scenario 2 (light solid 677 
line). Scenarios 1 and 2 curves are nearly superimposed in both figures. 678 
 679 
  680 
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Fig. 6. 681 
Evolution of oscillation magnitude in the cavity (A-B) and in the surrounding aquifer 682 
at different distances from the cavity (C to H) for hydraulic conductivities from 1x10-5 m/s 683 
to 1x10-9 m/s: comparison of scenario 1 (left column) and scenario 2 (right column). The 684 
magnitude scale is changed for each diagram. 685 
  686 
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Fig. 7. 687 
Head evolution during 1 week (day 42 to day 49) in the cavity (A) and in the aquifer 688 
at different distances from the cavity (B: 0m, C: 10m & D: 50m) for hydraulic conductivities 689 
from 1x10-5 m/s to 1x10-9 m/s: comparison of scenario 1 (solid line) with scenario 2 (dotted 690 
line). 691 
 692 
  693 
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Fig. 8. 694 
Mean drawdown in the aquifer at different distances from the cavity (0m – 10m – 695 
20m – 50m) for hydraulic conductivities from 1x10-5 m/s to 1x10-9 m/s. 696 
 697 
  698 
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Fig. 9.  699 
Daily seepage into the cavity for hydraulic conductivities from 1x10-5 m/s to 1x10-9 700 
m/s. 701 
 702 




Table 1. 705 
Value of main parameters used in the simplified SUFT3D model for an UPSH in an 706 
old slate mine (Bear and Cheng, 2010; DGO3, 2008). 707 
Parameters Value Unit 
K 1x10-7 m s-1 
Ss 1x10
-4 s-1 
r 0.01 - 
s 0.05 - 
hb 0 m 
ha -5 m 
𝛼 1x10-7 s-1 
 708 
 709 
